Airborne particulate matter (including TSP, PM 10 , PM 2.5 , and PM 1 ) were collected at an urban site in Xi'an during winter 2010. Individual particles were analyzed using scanning electron microscopy and energy dispersive X-ray spectrometer (SEM-EDX). The morphologies, size distributions, and relative abundance of aerosol particles in each size were summarized. The monomodal particle size distribution was found in all the samples under different weather conditions, with the peaks located at less than 1.0 μm. The majority of particles were composed of soot, mineral dust, and tar balls, with minor fly ash particles. Soot aggregates were the predominant species (in numbers), ranging from 56.6% in TSP on a sunny day to 86.3% in PM 1 on a cloudy day, with an average of 73.2% in all the samples. The particle mass concentration and chemical composition, including water-soluble inorganic ions, elemental compositions, organic carbon (OC) and elemental carbon (EC) contents of 24-hr integrated PM 2.5 , were also subject to chemical bulk analysis. Soot was predominantly observed in the PM 2.5 samples (from 74.7% to 82.7% in numbers), whereas EC accounted for only a small amount (< 8%) of the PM 2.5 mass. Corresponding to the mass concentrations of geological materials (29.2%, 44.5%, and 37.3% on sunny, cloudy, and hazy days), the number concentrations of mineral dust and fly ash particles on the sunny, cloudy, and hazy days were 14.6%, 7.1%, and 7.7%, respectively.
INTRODUCTION
The physico-chemical properties of airborne particulate matter (PM) are of concern primarily due to its adverse human health effects and influence on climate change through its contribution to radiative forcing. The particle size and chemical composition of the atmospheric aerosol are the main factors that determine the particles' effects on atmospheric visibility (Watson, 2002) . Aerosol chemical composition is also a strong indicator of particle sources (Watson et al., 2001; Harrison et al., 2004) . With reference to human health effects, epidemiological studies have shown an association between particle chemical composition and hospital admission (Harrison and Yin, 2000; Laden et al., 2000; Yin and Harrison, 2008) . There is also convincing evidence that particle size distribution determines the position of deposition in the human lung and has a major influence upon toxicity (Anderson et al., 2001) . Therefore, legislation in the United States has progressively moved the emphasis of air-quality regulation from TSP (total suspended particles) to PM 10 and to PM 2.5 (US EPA, 2004; Edgerton et al., 2009) .
Xi'an, the largest city in Northwest China, is the capital of Shaanxi province at the south edge of the Loess Plateau (400 m above sea level at 33°29′-34°44′N, 107°40′-109°49′E). The climate of Xi'an is dominated by the East Asian monsoon. The population of Xi'an has grown from more than 7.4 million in 2000 to more than 8.4 million in 2010. Although nature gas has partly replaced coal for heating in downtown Xi'an, the number of motor vehicles inside this city has increased from approximately half a million in 2006 to more than 1.3 million in 2010. Due to a rapid increase of vehicles and the growth in energy consumption over the past few decades, Xi'an is facing serious air quality problems, mainly due to the high aerosol loadings in the region Cao et al., 2005a; Shen et al., 2008; Cao et al., 2009) . Haze days, defined as the atmospheric visibility is less than 10 km by China Meteorological Agency, has been frequently observed in Xi'an and is closely related to local pollution and meteorological conditions (Shen et al., 2009) . The chemical composition and sources of TSP, PM with aerodynamic diameters ≤ 10 μm (PM 10 ), ≤ 2.5 μm (PM 2.5 ), and ≤ 1 μm (PM 1 ) have been measured in several recent studies by means of chemical bulk analysis methods (Cao et al., 2005b; Shen et al., 2008; , including Energy Dispersive X-Ray Fluorescence (ED-XRF), Ion Chromatography (IC), and Carbon Analyzer. Detailed information on mass, trace elements, carbonaceous aerosol, and secondary aerosol concentrations during dust storm and air pollution episodes has been obtained in those studies. In recent years several worldwide studies on aerosol particle number concentrations and mass size distribution have been published (Cheng and Lin, 2010; Avino et al., 2011; Diapouli et al., 2011; Hussein et al., 2011) . However, little is known about the physicochemical properties of individual particulate matters over Xi'an.
The study pursued two objectives. First, size distribution, morphology, and elemental composition of approximately 9,500 individual particles in TSP, PM 10 , PM 2.5 , and PM 1 samples were analyzed using SEM-EDX to examine their sources on three winter days with distinct meteorological conditions. Furthermore, the variation between major constituents in PM 2.5 characterized by number concentrations according to individual particle analysis and by mass concentrations according to bulk analysis methods was intercompared.
METHODOLOGY

Sample Collection
Airborne particle samples were collected on the roof of the office building in the Institute of Earth Environment, Chinese Academy of Sciences (about 10 m above ground level) on three separate days during winter (9, 10, and 13 December 2010). The sampling site located about 15 km south of downtown Xi'an and was surrounded by residential areas and office buildings (Fig.1) .
The sampling campaigns were carried out for TSP, PM 10 , PM 2.5 , and PM 1 simultaneously in order to obtain a comparative result of the measurement. Samples for individual particle analysis were collected onto 47 mm polycarbonate Nuclepore filters (0.4 μm in porosity; Whatman International Ltd., Maidstone, UK) using three mini-vol air samplers (for TSP, PM 10 , and PM 2.5 , Airmetrics Corp., Springfield, OR, USA), and one BGI frmOMNI Ambient Air Sampler (for PM 1 , BGI Inc, Waltham, MA, USA). Under pre-optimized 2-hour sampling duration, particles were collected in a single layer onto the filters with minimal particle-to-particle contact. An additional minivol air sampler was deployed to collect 24-hour integrated PM 2.5 samples onto quartz filters (Whatman QM/A, Maidstone, UK) for bulk chemical analyses. The operating flow rate of all samplers was 5 L/min. The sampling information was detailed in Table 1 . Meteorological conditions during the sampling period were recorded by the Shaanxi Meteorological Bureau. After sampling, filters were placed in plastic cassettes and stored in a refrigerator at 4°C until analyzed.
Sample Analyses
Small rectangular sections (approximately 10 × 10 mm) were cut from the polycarbonate filters and mounted on the SEM stubs with conductive adhesive carbon tape. Samples were coated under vacuum with gold and analyzed using a computer-controlled JEOL JSM-6460 LV SEM (Japan Electron Optics Laboratory Co. Ltd., JP) under 20 kV accelerating voltage at a work distance of 10 mm. For each sample, ten secondary electron images (SEI) were acquired with magnifications from 1000 × to 5000 ×, depending on the particle size in respective image views. The diameter of each individual particle was measured from SEI images by IMAGE PRO PLUS 5.0 software (Media Cybernetics, Inc., Silver Spring, MD, USA), and was estimated as the average of the longest dimension and its orthogonal width. All particles with a diameter larger than 0.4 μm in each image were measured to obtain size distributions. Individual particles larger than 0.4 μm in each sample were selected for elemental analyses manually using NORAN SYSTEM SIX Si-Li EDX detector with an ultra thin window (Thermo Electron Corporation, Waltham, MA, USA). The EDX counting time was 30 s live-time for each particle at magnifications of 1000 ×, 3000 ×, 5000 ×, and 10000 ×, according to particle size in respective images. X-ray peak intensities for each element were converted into weight fractions using the EDX software without ZAF correction (Hu et al., 2009) . Quartz filters were analyzed gravimetrically for PM 2.5 mass concentrations by a Sartorius MC5 electronic microbalance with a ± 1 μg sensitivity (Sartorius, Göttingen, Germany) after 24-hour equilibration at temperature between 20 and 23°C and RH between 35 and 45%.
A punch of 0.5 cm 2 from each quartz filter was analyzed for organic carbon (OC) and elemental carbon (EC) by the IMPROVE A thermal/optical protocol using a DRI Model 2001 thermal/optical carbon analyzer (Atmoslytic Inc., Calabasas, CA, USA). Quality assurance/quality control (QA/QC) procedures were described by .
One-fourth of each quartz filter sample was used for gravimetric determinations of aerosol ion mass concentrations. Three anions (Cl ) were measured by a Dionex-600 Ion Chromatograph (Dionex Inc., Sunnyvale, CA, USA). A CS12 column (150 × 4 mm) and an AS14 column (150 × 4 mm) were used for cation and anion analysis, respectively. Field blank levels were averaged, subtracted, and standard deviations were propagated to the measurement precisions (Chow and Watson, 1999 . Ten percent of the samples were submitted for replicate analyses.
Concentrations of 13 elements (K, Ca, Ti, Cr, Mn, Fe, Ni, Zn, As, Br, Mo, Cd, and Pb) collected on the PM 2.5 quartz-fibre filters were determined using an Epsilon 5 ED-XRF (PANalytical B. V., the Netherlands). The X-ray source is a side-window X-ray tube with a gadolinium anode, and it is operated at an accelerating voltage of 25 to 100 kV and a current of 0.5 to 24 mA (maximum power: 600 W). Each sample was analyzed for 30 mins. A spectrum of X-ray counts versus photon energy was acquired during analysis, with the individual peak energies matching to specific elements, and peak areas corresponding to elemental concentrations .
RESULTS AND DISCUSSION
Particle Size Distribution
The number-size distributions of individual particles on each size filters were shown in Fig. 2 . The meteorological conditions, including averaged temperature, relative humidity, and dominant wind direction varied from day to day on the three sampling days. However, the averaged wind speeds were similar and remained at a relative low level during the sampling period. Thus, a monomodal particle size distribution was found in all the samples with the peaks located less than 1.0 μm. Previous study has suggested a statistical association between health effects and the particle composition in submicron fraction (Huang et al. 2003) presumably due to the fact that fine particles can penetrate into the alveolar region of the lungs. Moreover, most particles (by mass) in the submicron size range arise from anthropogenic sources. Despite the variability of samplers, the measured particles were mainly < 1.0 μm in size, implying that the abundance of fine particles within each size range under different weather conditions should be controllable by regulatory action.
Particle Morphology
The particles were grouped into five dominant types according to their morphologies and elemental compositions as soot aggregate, tar ball, mineral dust, salt particles and fly ash. The typical morphologies of individual particles collected on polycarbonate filters were shown in Fig. 3 .
Carbonaceous particles with dominant C and O peaks in their spectra were designated as soot or tar ball particles according to their particulate morphologies. As for particle number, soot aggregates were the most frequently observed on each size range filters and was clearly distinguishable from other particle types due to its unique morphology. Mostly chain-like and cluster-like soot aggregates contained from less than ten to hundreds of spherules, each of which was 20 to 100 nm with diameter (Figs. 3(a) and (b) ). Tar balls were mostly spheres with diameters less than or around 0.5 μm and were typically not agglomerated with other types of particles. Some of the tar balls were highly spherical particles with smooth surfaces, others were broken or shrunk hollow spheres (Figs. 3(c) and (d)). Tar balls are primarily associated with biomass burning or biofuel combustion, especially during smoldering burning conditions Pósfai et al., 2003; Chakrabarty et al., 2006; Tivanski et al., 2007) . In previous studies, tar balls in African biomass smoke and in European polluted air were found with few particle diameters larger than 400 nm (Pósfai et al., 2004; Hand et al., 2005) .
Identification of mineral dust, salt particles, and fly ash with dominant inorganic elements is based on their elemental compositions by excluding C and O peaks from the spectra to avoid interference from the polycarbonate filter. Cl-and S-free particles with abundant Si, Al, and Fe were classified into mineral dust as quartz, aluminosilicate, silicate or Fe oxide (Figs. 3(e) and (f) ). Fly ash particles were generally spherical or spherical aggregates adhering to other particles (Figs. 3(g ) and (h)), and enriched by Al and Si, with relatively minor Na, Mg, Ca, Mn, and Fe. As evidences of particles from anthropogenic emissions (Zhang et al., 2005 , Cl-containing and/or S-containing particles without Si and Al were assigned to salt as chloride and/or sulphate (Figs. 3(i) and (j)).
Particle Type under Three Weather Conditions
The number percentages of each particle group were illustrated in Fig. 4 . In previous study, the variability of PM 2.5 and its components was found closely related with meteorological variables, including temperature, relative humidity, precipitation, and circulation (Tai et al., 2010) . Besides, the differences in chemical composition of PM 2.5 and PM 1.0 were more dependent on typical components in fine fraction particles such as ammonium sulfate and ammonium nitrate than those residing primarily in the coarse fraction such as sea salt, calcium-and iron-rich dusts (Yin and Harrison, 2008) . In this study, the correlations between number concentrations of major constituents and weather conditions or particle size ranges were weak, probably due to the limited amount of samples. As shown in Fig. 4 , soot aggregate prevailed in all size range samples with an averaged number concentration of 73.2%, ranging from 56.6% in TSP on a sunny day to 86.3% in PM 1 on a cloudy day. Fine particles from combustion sources were considered to be the most dangerous to health (Laden et al., 2000) , higher number percentage of soot aggregate occurred in the Xi'an samples, implying a strong health risk. Due to their small density, soot particles are easily dispersed to areas far away from their sources and this extends their effects over large regions (Zhang et al., 2001) . The number percentages of tar ball (6.0-18.3%) in cloudy day samples were higher than those of mineral dust (5.0-7.5%), whereas in sunny day samples mineral dust occupied a higher range of 11.1-21.9% than tar ball (8.1-16.0%). Salt particles were much more abundant in haze day samples (2.1-6.1%) than in sunny day (0.6-2.7%) and cloudy day (1.1-1.5%) samples.
PM 2.5 Chemical Composition
The PM 2.5 mass concentrations on the sunny, cloudy, and haze days were 190.9, 213.1, 156.5 µg/m 3 , respectively. All the three daily PM 2.5 concentrations exceed the U.S. National Ambient Air Quality Standards (NAAQS) 24-hour limit (35 μg/m 3 ). The highest concentration of the 13 elements under various weather conditions was chlorine, suggesting the heavy influence of anthropogenic sources, especially coal combustion and biomass burning for heating in winter. The OC and EC concentrations on the three sampling days were at the average level for winter PM 2.5 recorded in Xi'an city (Cao et al., 2005a . The OC/EC ratios on the sunny, cloudy, and hazy sampling days were 2.5, 2.2, and 2.8, respectively, suggesting that coal combustion and vehicle emission plays an important role in carbonaceous aerosol's origins in Xi'an (Watson et al., 2001; Cao et al., 2005a; Shen et al., 2010; Zhu et al., 2010) . The total PM 2.5 ion mass concentration on sunny day (51.5 µg/m 3 ) was slightly higher than those on cloudy (38.8 µg/m 3 ) and hazy (38.5 µg/m 3 ) sampling days, accounting to 26.9%, 18.2%, and 24.6% of total PM 2.5 mass, respectively. Cl -concentration in the three samples were higher than the averaged concentrations in normal days (4.2 µg/m 3 ) obtained at another urban site in Xi'an (Shen et al., 2009 ), but were still less abundant than those measured either in haze days (15.2 µg/m 3 ) or in straw combustion days (14.6 µg/m 3 ).
Comparison with Material Balance for PM 2.5
Material Balance for PM 2.5 The material balance approach has been used to estimate mass enclosure (Solomon et al., 1989) . Since ED-XRF does not analyze Al and Si, Fe is used to estimate the upper limit of geological material (Taylor and Mclennan, 1985) . Previous studies have shown that Fe accounts for 4% of Asian dust and Chinese loess . Thus, the concentration of geological material was calculated by
where C Fe is the mass concentration of elemental Fe determined by ED-XRF. The amount of organic material was determined by multiplying the amount of OC by 1.6 according to the study of Turpin and Lim (2001) .
The material balances for geological material (crustal material), organic matter (OM), EC, ions (sum of Cl , and others (as the difference between the measured mass and the sum of the major components) for PM 2.5 under various winter weather conditions were shown in the lower box of Fig. 5 . Besides, pie charts in the upper box of Fig. 5 illustrated the particle classification and number concentrations of major constituents in the same day PM 2.5 samples. The mass concentration results were based on the particle chemical composition determined by bulk analysis methods as XRF, IC, and Carbon Analyzer. The number concentration results were based on the particle morphologies and elemental compositions determined by individual analysis technique as SEM-EDX.
Carbonaceous Aerosol Particles
Obvious difference between mass and number concentrations is shown in Fig. 5 , generally predominant soot (in numbers) were observed in all samples, whereas EC occupied only a small amount (< 8%) of the PM 2.5 mass. In this study, soot refers to measurements with morphological detection by SEM-EDX and EC was analyzed on the basis of thermo-optical reflectance method by Carbon Analyzer. Generally, EC is emitted as loose chain-or cluster-like soot aggregates directly into the atmosphere from various combustion sources as fossil fuel, biofuel combustion and open biomass-burning fires (Bond et al., 2004) . Although EC was separated into two categories as char-EC and soot-EC (Watson et al., 2005; Han et al., 2007) , char particles with characteristic morphological features similar to their source material were seldom observed in this study. Furthermore, soot particles could adsorb OC compounds when the combustion products cool down (Dachs and Eisenreich, 2000) . Internally mixed soot aggregates with hygroscopic sulfate particles (Pósfai et al., 1999) or nitric acid have also been observed. In our individual particle analysis, mixed soot particles were included into "soot" group during classification process, whereas in our bulk analyses, their water-soluble part and organic coatings were determined as ions and OC mass, respectively. This variation between analytical methods may result in the underestimation of salt particle and organic tar ball number concentrations in Fig. 5 . In thermo-optical reflectance method, OC is operationally defined as the difference between TC and EC (OC = TC -EC). The division between OC and EC is dependent on the methods and analytical protocol selected. Since OC compounds contain majority of C and variable amounts of other elements, including O, H, and N, the original mass of organic materials is often estimated using conversion factors (e.g., 1.6 in this study). OM originates from various natural and anthropogenic activities, including particles from open biomass burning, fossil fuel combustion, residential wood combustion, refuse incineration, cooking, biological sources, organic soil dust, organic road dust components, chemical reactions (oxidation) and gas-to-particle conversion of volatile organic compounds (VOCs) in the atmosphere (Seinfeld and Pankow, 2003; Bond et al., 2004; O'Dowd et al., 2004; Sun and Ariya, 2006) . In urban atmosphere the major OM sources came from fossil fuel and biofuel combustion (Bond et al., 2004) . Previous study found that biogenic particles (pollen, spore, and vegetative debris) were abundant in atmospheric PM 10-2.5 collected at two urban sites in summer and autumn (Edgerton et al., 2009 ), but they were seldom observed in our winter study. Under our SEM-EDX observation, PM 2.5 samples contained spherical C-dominant particles. Those amorphous and heat-resistant particles have been named as "tar ball", a carbonaceous particle type distinct from soot . Tar balls contain abundant OC and originate from biomass burning, especially during smouldering burning conditions (Pósfai et al., , 2004 Hand et al., 2005; Chakrabarty et al., 2006) . Since soot aggregates coated with organic materials were assigned to "soot" type according to their morphologies, the relatively lower number concentration of tar ball (9.0-12.9%) in PM 2.5 in Xi'an was obtained when compared with bulk chemical OM results (24.0-31.0%). As chemical tracer for biomass burning, the mass concentrations of K + in this study are lower than those in straw combustion days, but higher than those in normal days in Xi'an (Shen et al., 2009) . Therefore, biomass burning was one source but not the main source of winter PM 2.5 in Xi'an.
Geological Materials
Corresponding to geological material in mass concentration charts determined by bulk analysis, mineral dust and fly ash were classified in number concentration charts according to their elemental composition enriched by Al and Si, and minor Na, Mg, Ca, Mn, and Fe. The mass concentrations of geological materials on the sunny, cloudy, and hazy days were 29.2%, 44.5%, and 37.3%, respectively. The number concentrations of mineral dust and fly ash on the sunny, cloudy, and hazy days were added up to 14.6%, 7.1%, and 7.7%, respectively. Mineral dust, mostly with irregular shape, was composed of silicate, quartz, sulfate, carbonate and aluminosilicate, which could come either from resuspended construction and road dust, or from transport of fugitive dust. Spherical fly ash particles were generally aluminosilicate or silicate glasses from coal combustion, which had a range of compositions similar to clay minerals.
Since element N was excluded in EDX analysis, ammonium and nitrate salts were undetectable with individual particle analysis. Only ammonium sulfate particle could be presumed according to its morphology and EDX spectrum (Hu et al., 2010) . In our study, bulk IC analysis provided the mass concentrations of all 8 ions (shown as ions in lower box of Fig. 5 ), whereas individual particle analysis only identified sulfate and chloride in numbers (illustrated as salts in upper box of Fig. 5 ).
CONCLUSION
Size-differentiated winter TSP, PM 10 , PM 2.5 , and PM 1 were analyzed with SEM-EDX to obtain a comprehensive view on particle morphologies and chemical compositions. According to the number percentages of major constituent, carbonaceous particles predominated in all the size range aerosols collected in Xi'an city.
Chemical bulk analysis was also introduced into PM 2.5 characterization. The inter-comparison of mass and number concentrations of major constituents in PM 2.5 suggested that bulk and individual particle analytical techniques should be incorporated into detailed atmospheric aerosol characterization.
Soot was always the dominating component (in numbers) in size-differentiated samples. Due to their small size and loose structure, the contribution of soot aggregates to the total PM 2.5 mass was relatively small. Thus, studies on the basis of bulk analysis techniques may have underestimated the human health risk associated with this component. Since there exists evidence that aerosol adverse health effects are related to particle numbers (Hoek et al., 2002) , individual particle analysis could be used to assess the emission from fossil fuel combustion and biomass burning processes.
Aluminosilicate and silica from anthropogenic and natural sources are with distinguished morphologies. Most of them from natural sources are non-spherical, whereas those from anthropogenic sources are normally spherical fly ashes. At present, it is impossible for bulk analytical methods to discriminate between the two sources of alumosilicates and silica. Therefore, aerosol components from crustal source could be overestimated when Si and Al are detectable by elemental analysis and used as tracer for natural sources.
